Introduction
============

Heterochronic parabiosis, which is the joining of the circulation systems of an aged mouse and a young mouse together, has been reported to have an anti-ageing effect. Studies of heterochronic parabiosis show that beneficial factors derived from the young systemic environment are able to activate molecular signaling pathways in hepatic, muscle or neural stem cells of the old parabiont, leading to increased tissue regeneration \[[@r1]\]. On the other hand, studies have also demonstrated that with age, the composition of the circulatory milieu changes in ways that broadly inhibit tissue regenerative capacities \[[@r2]\], suggesting the existence of certain harmful factors in the older organisms that trigger aging, thus preventing the rejuvenation process \[[@r2],[@r3]\]. Currently, the beneficial or harmful factors involved in rejuvenation or aging and the relevant mechanisms are not completely understood, although chemokine CCL11 (eotaxin) \[[@r4]\], growth differentiation factor 11 (GDF11, a member of the TGF-β superfamily) \[[@r5]--[@r7]\], oxytocin \[[@r8]\], β-catenin \[[@r9]\], pro-inflammatory cytokines (most notably interleukin-6, IL-6) \[[@r10]\] and β2-microglobulin (B2M) \[[@r11]\] have been identified as some beneficial or harmful factors that are in part responsible for rejuvenating or aging effects.

Aging is characterized by a progressive loss of physiological integrity, leading to impaired function and increased vulnerability to death. This deterioration is the primary risk factor for major human pathologies, including cancer, diabetes, cardiovascular disorders, and neurodegenerative diseases \[[@r12]\]. The telomere is a validated biomarker of aging, comprising of multiple nucleotide repeats capping chromosomes \[[@r13]\]. The length of the telomere decreases with each cell division, eventually leading to cell senescence or apoptosis. Telomere shortening or damage is a driver of age-associated organ decline and disease risk \[[@r14]\]. Telomerase is a ribonucleoprotein enzyme complex that catalyzes the addition of telomeric repeats to chromosome ends, thereby counteracting the effects of telomere shortening \[[@r15]\]. This complex is essentially composed of telomerase RNA component (TERC) and telomerase reverse transcriptase (TERT). Deficiency in telomerase and telomeric proteins may lead to aging and senescence-associated disorders, while reactivation of endogenous telomerase activity can reverse tissue degeneration in aged telomerase-deficient mice \[[@r14]\].

Iron is an essential micronutrient which is required for many aspects of human physiology \[[@r16]\], including metabolic homeostasis and genome stability \[[@r17]\], while inflammation has a major impact on iron homeostasis. It has also been validated that iron is an extremely reactive transition metal that can interact with hydrogen peroxide to generate highly reactive and toxic hydroxyl radicals, thus stimulating oxidative stress and damage. Substantial evidence shows that oxidative stress and inflammation contribute to the attrition of the telomere and accelerate telomere shortening \[[@r18]--[@r20]\]. Indeed, iron-induced oxidative injury has been considered as a major factor for accelerated ageing, being associated with a number of age-related conditions and diseases \[[@r18],[@r21],[@r22]\]. Iron homeostasis and erythropoiesis regulate each other to ensure optimal delivery of oxygen and iron to cells and tissues \[[@r23]\], while hepcidin plays a central role in these two processes. The connection of most rejuvenating or aging factors identified, including CCL11 (eotaxin) \[[@r24]\], GDF11 \[[@r25],[@r26]\], β-catenin \[[@r27],[@r28]\], IL-6 \[[@r29]--[@r31]\] and B2M \[[@r32]\] with iron, erythropoiesis and hepcidin has been well documented.

The evidence discussed above led us to speculate that the accumulation of iron in tissues with age may be one of the key harmful factors in the development of aging. We also hypothesized that the beneficial factors in young animals may be able to reduce iron contents in tissues and then exhibit an anti-ageing effect. Therefore, here we established parabiotic pairings between young and old mice (heterochronic parabiosis), exposing old or young mice to factors present in young or old serum respectively, and investigated the changes in serum iron, the contents of iron, the expressions of major iron transport proteins as well as TERT and TERC, and telomere length in the liver, kidney and heart of Y-O(O) (old mice paired with young), Y-O(Y) (young mice paired with old), O-O (pairings between two old) and Y-Y (pairings between two young) mice. We demonstrated that the reduced iron in the serum, the increased iron contents and the reduced expression of TERT and TERC in tissues of aged mice are reversible by exposure to a younger mouse's circulation. These measurements in young mice were also reversible by exposure to an older mouse's circulation. Correlation analysis showed that tissue iron contents are negatively correlated with TERT and TERC expression in the liver, kidney and heart of heterochronic parabiotic mice. These findings provide key insights into understanding the key role of iron in aging.

RESULTS
=======

Serum iron is significantly lower and tissue iron significantly higher in old compared to young mice
----------------------------------------------------------------------------------------------------

We first examined serum and tissue iron and other relevant indices in young (2-3 months) and old (18-20 months) C57BL/6 mice. Serum iron ([Fig. 1A](#f1){ref-type="fig"}) and Tf saturation ([Fig. 1B](#f1){ref-type="fig"}), but not UIBC ([Fig. 1C](#f1){ref-type="fig"}) and TIBC ([Fig. 1D](#f1){ref-type="fig"}), were significantly lower in old mice compared to young mice. The levels of both Ft-H and Ft-L in serum (biomarkers for body iron stores) were significantly higher in old mice than in young mice ([Fig. 1E, F](#f1){ref-type="fig"}). Serum Tf (an iron carrier protein) and CP (a ferroxidase enzyme which was also connected to inflammation) were also significantly higher in old mice than in young mice ([Fig. 1E, F](#f1){ref-type="fig"}).

![(**A-F**) Serum iron and other relevant indices in young and old mice. Serum iron (**A**), Tf saturation (**B**), UIBC (**C**), TIBC (**D**) and the contents of Tf, Ft-H, Ft-L, CP (**E** and **F**) were measured or calculated (Tf saturation and TIBC) in young (Y: 2-3 months) and old (O: 18-20 months) mice using commercial kits or western blot analysis as described in Methods and Materials. Data are presented as means ± SD (n=3). \**p*\<0.05, \*\**p*\<0.01 and \*\*\**p*\<0.001 vs. the control. (**G-L**) The contents of iron and the expression of iron metabolism proteins in the liver, kidney and heart of young and old mice. The contents of iron in the liver (**G**), kidney (**H**) and heart (**I**); the expression of TfR1, Fpn1, Ft-H, Ft-L and CP proteins in the liver (**J** and **M**), kidney (**K** and **N**) and heart (**L** and **O**) were determined in young (Y: 2-3 months) and old mice (O: 18-20 months) using western blot analysis or the methods described in Methods and Materials. Data are presented as means ± SEM (n=5). \**p*\<0.05, \*\**p*\<0.01 and \*\*\**p*\<0.001 vs. the control.](aging-10-101676-g001){#f1}

The opposite was true for serum iron however; the contents of iron and the expression of both Ft-H and Ft-L in the liver ([Fig. 1G](#f1){ref-type="fig"}; J & M), kidney ([Fig. 1H](#f1){ref-type="fig"}; K & N) and heart ([Fig. 1I, L &O](#f1){ref-type="fig"}) were found to be significantly higher in old mice compared to young mice. The levels of CP were significantly higher, while the expression of TfR1 (Cell-iron import protein) and Fpn1 (Cell-iron export protein) in the liver ([Fig. 1J & M](#f1){ref-type="fig"}), kidney ([Fig. 1K & N](#f1){ref-type="fig"}) and heart ([Fig. 1L & O](#f1){ref-type="fig"}) were lower in old mice compared to young mice.

Heterochronic parabiosis down-regulated serum iron level and up-regulated serum Ft-H, Ft-L, Tf and CP contents in young mice
----------------------------------------------------------------------------------------------------------------------------

To investigate the effects of heterochronic parabiosis on serum and tissue iron level, we connected a young mouse and an old mouse (Y-O) to build a heterochronic parabiotic model, and two young mice (Y-Y) or two old mice (O-O) to build an isochronic parabiotic model, for 4-weeks. Blood chimerism and the physiological effects of a heterochronic parabiotic model were then examined ([Supplementary Figure 1](#SD1){ref-type="supplementary-material"}). After 4 weeks, mice were euthanized and all designed measurements were conducted. After 4 weeks of exposure to the circulation of an old mouse, serum iron level ([Fig. 2A](#f2){ref-type="fig"}) and Tf saturation ([Fig. 2B](#f2){ref-type="fig"}) were significantly reduced, accompanied by increased serum Ft-H, Ft-L, Tf and CP contents ([Fig. 2E & G](#f2){ref-type="fig"}) in young mice as compared to the isochronic parabiotic mice (Y-Y). Conversely, old mice parabiosed to young mice had increased serum iron level ([Fig. 2A](#f2){ref-type="fig"}) and Tf saturation ([Fig. 2B](#f2){ref-type="fig"}) although the differences were not significant, and reduced serum Ft-H, Ft-L, Tf and CP contents ([Fig. 3F & H](#f3){ref-type="fig"}) as compared to the isochronic parabiotic mice (O-O). There were no significant differences in UIBC ([Fig. 2C](#f2){ref-type="fig"}) and TIBC ([Fig. 2D](#f2){ref-type="fig"}) among the Y-Y, Y-O(Y), O-O and Y-O(O) groups.

![**The effects of heterochronic parabiosis on serum iron and other relevant indices in mice.** Serum iron (**A**), Tf saturation (**B**), UIBC (**C**), TIBC (**D**), and the contents of Tf, Ft-H, Ft-L, CP (**E-H**) were measured or calculated (Tf saturation and TIBC) in Y-Y (pairings between two young mice - isochronic parabiont), Y-O(Y) (young pairing with old -- heterochronic parabiont), O-O (parings between two old - isochronic parabiont) and Y-O(O) (old pairing with young - heterochronic parabiont) mice using commercial kits or western blot analysis as described in Methods and Materials. Data are presented as means ± SEM (n=4). \**p*\<0.05 and \*\* *p*\<0.01 vs. the control.](aging-10-101676-g002){#f2}

![**The effects of heterochronic parabiosis on the contents of iron and the expression of iron metabolism proteins in the liver of mice.** The contents of iron (**A**), and the expression of TfR1, Fpn1, Ft-H, Ft-L and CP proteins (**B -- E**) in the liver were determined in Y-Y, Y-O(Y), O-O and Y-O(O) mice using western blot analysis or the methods described previously. Data are presented as means ± SEM (n=3). \**p*\<0.05 and \*\**p*\<0.01 vs. the control.](aging-10-101676-g003){#f3}

Heterochronic parabiosis reduced the contents of iron, Ft and down-regulated the expression of Fpn1 and CP in the liver, kidney and heart in old mice
-----------------------------------------------------------------------------------------------------------------------------------------------------

We then examined the effects of heterochronic parabiosis on the contents of iron, Ft-H and Ft-L and the expression of TfR1, DMT1, Fpn1 and CP in the liver, kidney and heart. Old mice (Y-O(O)) parabiosed to young mice had reduced iron levels in the liver ([Fig. 3A](#f3){ref-type="fig"}) and kidney ([Fig. 4A](#f4){ref-type="fig"}), and reduced expression of Ft-H, Ft-L, Fpn1 and CP in the liver ([Fig. 3C & E](#f3){ref-type="fig"}), reduced expression of Ft-L, TfR1, DMT1, Fpn1 and CP in the kidney ([Fig. 4C & E](#f4){ref-type="fig"}), and reduced expression of Ft-H, Ft-L and Fpn1 in the heart ([Fig. 5C & E](#f5){ref-type="fig"}), as compared with the isochronic parabiotic mice (O-O). There were no significant differences in iron content in the heart ([Fig. 5A](#f5){ref-type="fig"}), the expression of TfR1 and DMT1 in the liver ([Fig. 3C & E](#f3){ref-type="fig"}), Ft-H in the kidney ([Fig. 4C & E](#f4){ref-type="fig"}), and TfR1, DMT1 and CP in the heart ([Fig. 5C & E](#f5){ref-type="fig"}) between Y-O(O) and O-O mice.

![**The effects of heterochronic parabiosis on the contents of iron and the expression of iron metabolism proteins in the kidney of mice.** The contents of iron (**A**), and TfR1, Fpn1, Ft-H, Ft-L and CP proteins (**B -- E**) in the kidney were determined in Y-Y, Y-O(Y), O-O and Y-O(O) mice using western blot analysis or the methods described previously. Data are presented as means ± SEM (n=4). \**p*\<0.05 and \*\**p*\<0.01 vs. the control.](aging-10-101676-g004){#f4}

![**The effects of heterochronic parabiosis on the contents of iron and the expression of iron metabolism proteins in the heart of mice.** The contents of iron (**A**), and the expression of TfR1, Fpn1, Ft-H, Ft-L and CP proteins (**B -- E**) in the heart were determined in Y-Y, Y-O(Y), O-O and Y-O(O) mice using western blot analysis or the methods described previously. Data are presented as means ± SEM (n=4). \**p*\<0.05 and \*\**p*\<0.01 vs. the control.](aging-10-101676-g005){#f5}

In contrast, young mice parabiosed to old mice (Y-O(Y)) had increased iron level in the liver ([Fig. 3A](#f3){ref-type="fig"}), increased Ft-H, Ft-L, Fpn1 and CP contents in the liver ([Fig. 3B & D](#f3){ref-type="fig"}), increased Ft-L, TfR1, DMT1 and CP contents in the kidney ([Fig. 4B & D](#f4){ref-type="fig"}), and increased Ft-H, Ft-L, DMT1, CP and decreased TfR1 in the heart ([Fig. 5B & D](#f5){ref-type="fig"}), as compared with the isochronic parabiotic mice (Y-Y). Iron levels in the kidney ([Fig. 4A](#f4){ref-type="fig"}), and heart ([Fig. 5A](#f5){ref-type="fig"}) were also lower in Y-O(Y) mice than in Y-Y mice, although the differences were not significant. There were no significant differences in the expression of TfR1 and DMT1 in the liver ([Fig. 3B & D](#f3){ref-type="fig"}), Ft-H and Fpn1 in the kidney ([Fig. 4B & D](#f4){ref-type="fig"}), and Fpn1 in the heart ([Fig. 5B & D](#f5){ref-type="fig"}) between Y-O(Y) and Y-Y mice.

Heterochronic parabiosis down-regulated the expression of TERC and TERT mRNAs in young mice and up-regulated the expression of TERC and TERT mRNAs in old mice
--------------------------------------------------------------------------------------------------------------------------------------------------------------

To find out the effects of heterochronic parabiosis on telomere and telomerase, we measured telomere length and the expression of TERC and TERT in the liver, kidney and heart. We found that there were no significant differences in telomere length in the liver ([Fig. 6A](#f6){ref-type="fig"}), kidney ([Fig. 6B](#f6){ref-type="fig"}) and heart ([Fig. 6C](#f6){ref-type="fig"}) among the Y-Y, Y-O(Y), O-O and Y-O(O) mice, suggesting that heterochronic parabiosis has no effect on telomere length. However, old mice parabiosed to young mice (Y-O(O)) had increased expression of TERC and TERT mRNAs in the liver ([Fig. 6D & E](#f6){ref-type="fig"}), the kidney ([Fig. 6F & G](#f6){ref-type="fig"}) and TERC mRNA in the heart ([Fig. 6H](#f6){ref-type="fig"}) as compared with O-O mice. The expression of TERT mRNA in the heart ([Fig. 6I](#f6){ref-type="fig"}) was also higher in Y-O(O) than in O-O mice, although the differences were not significant. Conversely, young mice parabiosed to old mice (Y-O(Y)) had reduced expression of TERC and TERT mRNAs in the liver ([Fig. 6D & E](#f6){ref-type="fig"}) and kidney ([Fig. 6F & G](#f6){ref-type="fig"}), and TERT mRNA in the heart ([Fig. 6I](#f6){ref-type="fig"}), as compared with Y-Y mice. The expression of TERC mRNA in the heart ([Fig. 6H](#f6){ref-type="fig"}) was also lower in Y-O(Y) than in Y-Y mice, although the difference was not significant.

![**The effects of heterochronic parabiosis on the length of the telomere and the expression of TERC or TERT mRNA in mice.** The telomere length in the liver (**A**), kidney (**B**) and heart (**C**) and the expression of TERC (**D, F** and **H**) or TERT mRNA (**E, G** and **I**) in the liver (**D** and **E**), kidney (**F** and **G**) and heart (**H** and **I**) were determined in Y-Y, Y-O(Y), O-O and Y-O(O) mice using real-time PCR as described in Methods and Materials. Data are presented as means ± SEM (n=3). \**p*\<0.05 and \*\**p*\<0.01 vs. the control.](aging-10-101676-g006){#f6}

Tissue iron contents are negatively correlated with TERC or TERT mRNA expression
--------------------------------------------------------------------------------

Correlation analysis of the content of iron and the expression of TERC or TERT mRNA in the liver, kidney and heart of heterochronic parabiotic mice was conducted by plotting the values for the relevant pairs against one another as described previously \[[@r33],[@r34]\]. [Figure 7](#f7){ref-type="fig"} lists the results of the correlation analysis. Highly significant correlations were found between the content of iron and the expression of TERC mRNA in the liver ([Fig. 7A](#f7){ref-type="fig"}, R^2^ = 0.4838, P = 0.006), kidney ([Fig. 7C](#f7){ref-type="fig"}, R^2^ = 0.6143, P = 0.0012) and heart ([Fig. 7E](#f7){ref-type="fig"}, R^2^ = 0.2510, P = 0.0485), as well as between the content of iron and the expression TERT mRNA in the liver ([Fig. 7B](#f7){ref-type="fig"}, R^2^ = 0.65638, P = 0.0007), kidney ([Fig. 7D](#f7){ref-type="fig"}, R^2^ = 0.4300, P = 0.0206) and heart ([Fig.7F](#f7){ref-type="fig"}, R^2^ = 0.2565, P = 0.0464).

![**Correlation analysis of the relationship between the contents of tissue iron and the expression of TERC or TERT mRNA in heterochronic parabiotic mice.** Correlation analysis of the content of iron and the expression of TERC or TERT mRNA in the liver (**A** and **B**), kidney (**C** and **D**) and heart (**E** and **F**) of heterochronic parabiotic mice was conducted by plotting the values for the relevant pairs against one another as described previously. Tissue iron contents were found to be negatively correlated with TERC or TERT mRNA expression in all-three organs examined.](aging-10-101676-g007){#f7}

DISCUSSION
==========

One of the major objectives of the present study was to find out whether exposure to a younger mouse's serum is able to reduce iron contents in tissues and produce an anti-ageing effect in old mice. We demonstrated for the first time that heterochronic parabiosis (an old mouse sharing the same circulatory system with a young mouse) significantly reduced the contents of iron, Ft-H and Ft-L in the liver, kidney and heart, and up-regulated serum iron level in old mice. Also, heterochronic parabiosis up-regulated the expression of TERC and TERT mRNAs in the liver, kidney and heart in old mice. Furthermore, correlation analysis showed that tissue iron contents are negatively correlated with TERC or TERT mRNA expression in heterochronic parabiotic mice. These findings, plus the existing knowledge on the connection between iron and genome stability \[[@r17]\], iron-induced oxidative stress and telomere shortening or telomerase activity \[[@r18]--[@r20]\] and ageing \[[@r18]\] support the hypothesis that the accumulated iron in tissues with age is one of the key harmful factors in the development of aging, whereas reducing iron contents in tissues via exposure to a younger mouse's serum produces an anti-ageing effect in old mice. Our results imply that there are beneficial factors in younger mice's serum with an anti-ageing role that act by reversing impaired activity of iron metabolism in older mice.

On the other hand, we also found that heterochronic parabiosis could significantly increase the contents of iron, Ft-H and Ft-L in the liver, kidney and heart, and down-regulate serum iron level and up-regulate serum Ft-H and Ft-L contents in young mice. Also, heterochronic parabiosis down-regulated the expression of TERC and TERT mRNAs in the liver, kidney and heart of young mice. This data supports the notion that with age, the composition of the circulatory milieu changes in ways that broadly inhibit tissue regenerative capacity \[[@r2]\], and suggests the existence of certain harmful factors in the old serum which have a role in triggering aging and prevent the rejuvenation process by disrupting iron homeostasis.

Consistent with what was reported in a single heterochronic blood exchange study \[[@r35]\], we also found that in many cases, the inhibitory effects of old blood are more pronounced than the benefits of the young. Serum iron, Tf saturation, and the expression of TERC and TERT mRNAs in the kidney and heart in Y-O(Y) (young paired with old) mice all significantly differed from those in Y-Y (pairings between two young) mice, while these measurements in Y-O(O) (old paired with young) mice were not significantly different from those in O-O (pairing between two old) mice, although all of these indices were higher in Y-O(O) compared to O-O mice.

In most types of cells, iron balance is mainly dependent on the expression of four key cell-iron transporters, Fpn1 and CP (exporters), and TfR1 and DMT1 (importers). Fpn1 is a receptor for hepcidin, internalized and subsequently degraded after binding with hepcidin \[[@r36]\]. TfR1 has been found to be directly inhibited by hepcidin in different types of cells \[[@r37],[@r38]\], and the ability of hepcidin to downregulate DMT1 expression has also been demonstrated in the intestine through proteasome internalization and degradation \[[@r39]\]. To clarify the possible mechanisms involved in the changes in tissue iron contents, we examined the effects of heterochronic parabiosis on the expression of TfR1, DMT1, Fpn1, and CP in the liver, kidney and heart in heterochronic parabiotic mice.

In the kidney, the expression of TfR1, DMT1 and CP was higher in Y-O(Y) than in Y-Y mice and the expression of TfR1, DMT1, Fpn1 and CP was lower in Y-O(O) than in O-O mice. Increased expression in TfR1 and DMT1 would lead to an increase in iron uptake by cells, which might be one of the reasons for the increased iron content in the kidney of Y-O(Y) mice as compared with Y-Y mice. In Y-O(O) mice, the expression of both importers (TfR1 and DMT1) and exporters (Fpn1 and CP) was inhibited, which would induce a reduction in iron uptake as well as release in the cells \[[@r36]\]. One possible explanation for why iron contents were lower in Y-O(O) compared to O-O mice is that the inhibitory effect on TfR1 and DMT1 expression might be more pronounced than that on Fpn1 and CP. In the heart, the increased expression of TfR1 and DMT1 was likely to be partly associated with increased iron contents in Y-O(Y) mice when compared with Y-Y mice, while the reduced iron content in Y-O(O) mice compared to O-O mice may be due to increased iron release induced by the increased expression of Fpn1. However, changes in the expression of iron transporters in the liver cannot explain the effects of heterochronic parabiosis on tissue iron contents. No difference was found in the expressions of TfR1 and DMT1 between Y-O(Y) and Y-Y mice, as well as between Y-O(O) and O-O mice, while the expression of Fpn1 and CP was higher in Y-O(Y) than in Y-Y mice and lower in Y-O(O) than in O-O mice. The increased expression of Fpn1 in Y-O(Y) mice should have induced an increase in iron release and a reduction in cell iron \[[@r36]\], iron contents however were higher rather than lower in Y-O(Y) compared to Y-Y mice. The same was also found in Y-O(O) and O-O mice; further investigation on this issue is needed.

A number of studies have reported that telomeres in primary human cells shorten with age, both in vitro and in vivo \[[@r40]--[@r43]\]. It has also been confirmed that the non-coding sequences at the ends of chromosomes progressively shorten with each cell division in the absence of telomerase \[[@r43]\]. In present study, we found that young mice parabiosed to old mice had reduced expression of TERC and TERT mRNAs in the liver and kidney, and TERT mRNA in the heart. The reduction in telomerase expression should theoretically result in a reduction in telomere length, but our data showed that there were no significant differences in telomere length in the liver, kidney and heart among the Y-Y, Y-O(Y), O-O and Y-O(O) mice. The underlying reason is unknown, however it is possible that the changes in the activity of telomerase induced by heterochronic parabiosis did not reach a level that could induce a visibly significant change in telomere length under our experimental conditions

It will be important to identify the key factors responsible for these beneficial or harmful effects on iron metabolism in mice serum, as identification of these factors would make a critical contribution to better understanding the precise role of iron in ageing and the relevant mechanisms involved in the iron-mediated ageing process. Mammalian iron metabolism is regulated systemically by hepcidin \[[@r44]\]. Therefore, it is absolutely needed to clarify the effects of heterochronic parabiosis on the expression of this iron regulation hormone. The changes in the expression of CCL11 (eotaxin), GDF11, β-catenin, IL-6 and B2M under our experimental conditions are also worthy to be investigated, because these reported "beneficial or harmful factors" have been connected with iron, erythropoiesis and hepcidin iron metabolism \[[@r24]--[@r32]\]. In addition, although Baytril was used to control infection in the present study, it is important to evaluate the effects of parabiosis on markers of inflammation and on the cellular localization of iron under our experimental conditions, because inflammation can be an important factor in the changes in iron levels. These and other relevant studies are currently under the way in our laboratories.

In conclusion, in the present study we demonstrate for the first time that iron contents in the liver, kidney and heart are negatively correlated with TERC or TERT mRNA expression in heterochronic parabiotic mice, providing further evidence to support the notion that the accumulated iron in tissues with age is one of the key harmful factors in the ageing process. Our results also imply the existence of some beneficial or rejuvenating factors in serum of younger mice with an anti-ageing role that act by reversing the impaired activity of iron metabolism in old mice, and also the existence of certain harmful factors in the old serum which have a role in triggering aging and prevent the rejuvenation process by disrupting iron homeostasis in young mice.

MATERIALS AND METHODS
=====================

Materials
---------

Unless otherwise stated, all chemicals were obtained from the Sigma Chemical Company, St. Louis, MO, USA. Mouse monoclonal anti-rat transferrin receptor 1 (TfR1) was purchased from Invitrogen, Carlsbad, CA, USA; rabbit polyclonal anti-rat divalent metal transporter 1 (DMT1, SLC11A2) and rabbit polyclonal anti ferritin-light-chain (Ft-L) from Proteintech, Chicago, IL, USA; rabbit polyclonal anti ferritin-heavy-chain (Ft-H) from Bioworld Technology Inc., Louis Park, MN, USA; rabbit polyclonal anti-mouse ferroportin 1 (Fpn1) from Novus Biologicals, Littleton, CO, USA; mouse anti-transferrin (Tf) and anti-ceruloplasmin (CP) from Alpha Diagnostic International Company, San Antonio, TX, USA. Goat anti-rabbit or anti-mouse IRDye 800 CW secondary antibody was purchased from Li-Cor, Lincoln, NE, USA; TRIzol reagent from Life Technologies, Carlsbad, CA, USA; and RevertAid First Strand cDNA Synthesis Kit and BCA Protein Assay Kit both from Thermo Scientific, Waltham, MA, USA.

Animals
-------

C57BL/6 mice were bred and maintained at the Animal Holding Unit of Fudan University School of Pharmacy. CAG-GFP (CAG-green fluorescent protein) transgenic mice were purchased from the Shanghai Model Organisms Center, Shanghai, China. All animal care and experimental protocols were performed according to the Animal Management Rules of the Ministry of Health of China, and approved by the Animal Ethics Committees of Fudan University and The Chinese University of Hong Kong.

Parabiosis and flow cytometry
-----------------------------

Female mice, aged 2-3 months (young) and 18-20 months (old), were randomly assigned to establish parabiotic pairings between young and old (Y-O) mice (heterochronic parabiosis, HP), with parabiotic pairings between two young mice (Y-Y) or two old (O-O) mice (isochronic parabiosis, IP) as controls. The GFP+ mice were used in the present study, and not only in the pilot studies for developing the parabiosis model ([Supplementary Figure 1](#SD1){ref-type="supplementary-material"}). Parabiosis surgery was conducted according to Conboy et al. \[[@r45]\]. In parabiosis, animals develop vascular anastomoses and thus a single, shared circulatory system \[[@r41]\]. Mirror-image incisions at the left and right flanks were made through the skin respectively. Shorter incisions were made through the abdominal wall. The peritoneal openings of the adjacent parabionts were sutured together. Elbow and knee joints from each parabiont were sutured together and the skin of each mouse was stapled to the skin of the adjacent parabiont. Each mouse was injected subcutaneously with Baytril (a broad-spectrum antibiotic) and Buprenex as directed for pain, and monitored during recovery. Flow cytometric analysis was done on fixed and permeabilized blood plasma cells from GFP and non-GFP parabionts according to Villeda et al. \[[@r4]\]. The changes in body weight and the viabilities of the pairs were also observed. The survival rate for parabionts was 53% in the present study.

Sampling of blood and tissues
-----------------------------

Animals were anesthetized with 1% pentobarbital sodium (40 mg/kg body weight, intraperitoneally) and decapitated. Blood samples were collected into heparinized syringes for the determination of serum iron (SI), unsaturated iron-binding capacity (UIBC), total iron-binding capacity (TIBC), and transferrin saturation (TS). Mice were then perfused with phosphate-buffered saline (PBS), the liver, heart, and kidney were removed, excised, and rinsed in PBS, before being dried and weighed \[[@r46],[@r47]\] for total RNA extraction, protein determination, and iron measurement.

Serum iron and transferrin saturation
-------------------------------------

SI and UIBC were measured using commercial kits as described \[[@r48],[@r49]\]. TIBC (micrograms per deciliter TIBC = SI + UIBC) and transferrin saturation (TS = SI/TIBC x 100) were calculated.

Tissue iron measurement
-----------------------

Tissues were dried and weighed for iron measurement. Tissue iron contents (μg/g wet weight of tissue) in the liver, kidney or heart were measured according to methods described previously \[[@r50]\].

Western blot analysis
---------------------

The tissue was washed and homogenized were prepared as described \[[@r51]\]. Aliquots of the extract containing about 30 μg of protein were loaded and run on a single track of 12% (for Ft-H and Ft-L), 8% (for CP), or 10% (for others) sodium dodecyl sulfate-polyacrylamide gel electrophoresis under reducing conditions before being subsequently transferred to a pure nitrocellulose membrane. The blots were blocked and then incubated with primary antibodies: mouse anti-Tf (1:500), anti-CP (1:500), anti-TfR1 (1:500), rabbit anti-Fpn1 (1:1000), rabbit anti-DMT1 (1:1000), rabbit anti-Ft-L (1:1000), and rabbit anti-Ft-H (1:1000), overnight at 4°C. After being washed, the blots were incubated with goat anti-rabbit or anti-mouse IRDye 800 CW secondary antibody (1:20,000) for 2 hours at 37°C. The intensity of the specific bands was detected and analyzed with the Odyssey infrared imaging system (Li-Cor). To ensure even loading of the samples, the same membrane was probed with rabbit anti-β-actin polyclonal antibody at a 1:2000 dilution \[[@r52]\]. The contents of Tf, Ft-H, Ft-L, CP were also measured by the above procedure and Ponceau staining was used for protein loading control as described by Rivero-Gutiérrez et al \[[@r53]\].

Isolation of total RNA and quantitative real-time PCR
-----------------------------------------------------

Total RNA extraction and complementary DNA preparation were respectively performed using TRIzol reagent and the RevertAid First Strand cDNA Synthesis Kit in accordance with the instructions of the manufacturers. Real-time PCR was carried out using FastStart Universal SYBR Green Master and Light-Cycler96. The specific pairs of primers of mouse β-actin, telomerase RNA component (TERC), and telomerase reverse transcriptase (TERT) are listed in [Supplementary Table 1](#SD2){ref-type="supplementary-material"}. The cycle threshold value of each target gene was normalized to that of the β-actin mRNA. Relative gene expression was calculated by the 2^--ΔΔCT^ method \[[@r54],[@r55]\].

Telomere length measurement by real-time PCR
--------------------------------------------

Genomic DNA was extracted from liver, kidney and heart tissue using an E.Z.N.A Tissue DNA kit (Omega, US). DNA concentration was adjusted to 5 ng/l in H~2~O. Telomere PCR reaction conditions were 3 minutes at 95°C followed by 40 cycles of 15 seconds at 95°C and 1 minute at 54°C, with 300 nm Telomere primers ([Supplementary Table 1](#SD2){ref-type="supplementary-material"}). Real-time PCR was carried out using FastStart Universal SYBR Green Master and LightCycler96 with 10 ng genomic DNA. The PCR assay calculates the ratio between telomeric repeat copy number (T) and that of a single reference gene (36B4) (S). Relative T/S is calculated in relation to a reference curve and final measurements are exponentiated to ensure normality) \[[@r56],[@r57]\]. All telomeric and 36B4 reactions were measured in triplicate, and the average was used for final calculations.

Statistical analysis
--------------------

Statistical analysis was performed using one-way analysis of variance (ANOVA) and Tukey method was used for multiple pair-wise comparisons. All data are expressed as the mean ± SEM. Values of *p* \< 0.05 were taken to be statistically significant.
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